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Abstract
Infective juveniles (IJs) of entomopathogenic nematodes do not feed but have ample stored energy reserves and can survive for several
months in soil or in water. IntraspeciWc variation in survival of Heterorhabditis megidis has been observed for eight isolates of H. megidis
stored in water at 20 °C for up to 14 weeks with the 50% survival time (ST50) ranging from 5.6 to 12.5 weeks. How important physical and
behavioral attributes were in explaining this variation in survival was explored using stepwise regression. Included in the analysis were:
initial energy reserves (measured by image analysis densitometry), size (area and length) the time at which 50% of energy reserves were
depleted (ET50), and motility (head movements/min in week 0). Energy depletion rate, ET50, is an important predictor of survival, explain-
ing 93.8% of the variation in ST50 among isolates. Energy depletion rate was highest in the Wrst week, a time at which H. megidis IJs were
spontaneously active during storage. By week 5, when IJs had begun to die, some individuals had completely depleted their energy
reserves, supporting the hypothesis that death was a result of starvation. In a second stepwise regression, performed to explore what
factors contribute to variation in rate of energy depletion, motility accounted for 60.1% of the variation in ET50. With the inclusion of
initial energy reserves, length, and area, 88.5% of the variation was accounted for. We conclude that intraspeciWc variation in survival of
H. megidis in water is due largely to variation in rates of depletion of energy reserves, which in turn is strongly associated with levels of
locomotory activity.
© 2005 Elsevier Inc. All rights reserved.
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Entomopathogenic nematodes (EPN) of the families
Heterorhabditidae and Steinernematidae are used for the
biological control of a number of insect pests (Gaugler,
2002; Grewal et al., 2005). Although more than 40 species
of EPN have been described, only a few have been commer-
cialized. Amongst these is Heterorhabditis megidis Poinar,
Jackson, and Klein, which occurs naturally in temperate
regions of Europe, North America, and Japan (Hominick,
2002) and is particularly eVective against black vine weevil
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doi:10.1016/j.biocontrol.2005.08.005(Otiorhynchus sulcatus, Fabricius) (Long et al., 2000; Fitters
et al., 2001). Most of the life cycle of EPN take place within
the host. There is one soil-dwelling stage, the third stage
infective juvenile (IJ), which is a non-feeding stage that
emerges from the depleted insect cadaver in search of new
hosts.
It has been demonstrated for various species of plant
and animal parasitic nematodes that longevity of the infec-
tive stage is dependent on availability of reserves (Croll and
Mathews, 1973; Van Gundy et al., 1967). The assumption
that IJs die of starvation has rarely been explicitly tested for
any species of EPN. Qiu and Bedding (2000) showed that
survival rate and depletion of reserves of Steinernema
carpocapsae (Weiser) were both aVected in a similar way by
diVerent storage conditions. They concluded that IJ life-
span is largely dependent on the rate of energy
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tors, including activity. IJs survived signiWcantly longer in
shallow tap water than on a shaker, and Qiu and Bedding
(2000) suggest that this is because the IJs in shallow water
became inactive and so conserved reserves.
The period IJs survive in storage (shelf life), either in
water or a commercial formulation, is an important factor
limiting the use of EPNs as a biological pesticide (Grewal
and Georgis, 1998). Under laboratory conditions, IJs are
frequently stored in shallow water at a concentration of no
more than 20,000 IJs/ml (Woodring and Kaya, 1988).
Stored this way at 4–10 °C, Steinernema spp. can be kept for
6 to 12 months without much loss of activity, whereas Het-
erorhabditis spp. normally do not store well beyond 4
months (Woodring and Kaya, 1988). At higher tempera-
tures, survival time is reduced (Molyneux, 1985; Strauch
et al., 2000). Energy reserves—particularly neutral lipids—
are an important indicator of quality (infectivity and motil-
ity) of stored nematodes. Lipids, carbohydrate (especially
glycogen), and protein, accumulated during the preceding
juvenile stages within the host, all provide energy for IJs
during storage (Lewis et al., 1995; Qiu and Bedding, 2000;
Selvan et al., 1993b). Lipid is the main energy reserve, con-
stituting between 32 and 49% of IJ body weight (Fitters
et al., 1999; Lewis et al., 1995; Menti et al., 2003; Selvan
et al., 1993b). In most species of EPN, activity and infectiv-
ity decline as lipids are depleted (Lewis et al., 1995; Patel
et al., 1997). An exception is S. carpocapsae, for which gly-
cogen was shown to be important in maintaining infectivity
in aged IJs (Patel and Wright, 1997; Wright et al., 1997).
Elucidation of which factors are important determinants of
survival should facilitate improvements in shelf life through
genetic or technological manipulations.
We pose the question: is life span of H. megidis IJs con-
trolled by the rate of energy expenditure? We explore this
using IJs of eight isolates stored in shallow tap water at
20 °C. If starvation is the main cause of mortality, then
diVerences in survival between isolates should reXect diVer-
ent starting levels of energy reserves, and/or diVerences in
the rate at which the reserves are utilized. We also ask to
what extent diVerences in initial reserves, size or activity of
IJs explain the rate at which reserves are depleted.
2. Materials and methods
2.1. Nematode cultures
The experiment was run three times using diVerent nem-
atode culture batches for each experimental run. In each
run the same eight H. megidis isolates from diverse loca-
tions of North West Europe were used (Table 1). Nema-
todes were reared in larvae of the greater wax moth,
Galleria mellonella (L.) (The Mealworm Company,
SheYeld, UK). In each experimental run the emerging IJs
were pooled for each isolate and washed three times by sed-
imentation in tap water. Washed IJs were stored (about
1000 IJs/ml) at 9 °C for up to 5 days. Aliquots of IJ suspen-sion were than transferred to 5 cm diam. petri dishes at a
concentration of 500 IJs/ml (10 ml/dish). Lidded dishes were
wrapped with laboratory sealing Wlm (ParaWlm) and stored
at 20 °C for up to 14 weeks in the dark. In each run there
were eight dishes of each isolate; each dish was assessed
once only. Survival and energy reserves were measured
after 0 (1 day storage), 1, 2, 3, 5, 7, 10, and 14 weeks. Motil-
ity was recorded in week 0.
2.2. Survival, energy reserves, and size
Living IJs were separated from dead ones by overnight
passage through a 35m sieve, and the number of live IJs
was assessed from six replicate counts of 50l.
Energy reserves can be assessed in various ways, includ-
ing chemical extraction and analysis of components, and
in situ staining of neutral lipids with Oil Red O (e.g., Patel
et al., 1997). Image analysis densitometry of unstained IJs
can be used to assess the energy reserves of EPN (Fitters
et al., 1997; Qiu and Bedding, 1999). Amongst the advanta-
ges of this method are that it provides data for individual
nematodes and can be used even when numbers of surviv-
ing nematodes are very low.
Energy reserves of IJs were estimated by image analysis
densitometry as described by Fitters et al. (1997). Fitters
et al. (1997) showed that optical density (OD; the sum of
the density or gray level of each pixel constituting the nem-
atode image) is correlated with triacylglycerides, the main
neutral lipid in nematodes. They also showed that OD/unit
area (or OD/m2; mean gray level) was correlated with neu-
tral lipids assessed on an 8-point scale as described by Patel
et al. (1997). Length was measured using a binary thinning
operation on the IJ image (Fitters et al., 1997). Prior to
measuring, IJs were heat killed in water at approx. 80 °C.
Measurements were performed on 30–40 randomly chosen
IJs.
Motility was measured as head movements/min during
normal sinusoidal movement (“waving”). A sweep of the
anterior of the IJ to one side followed by return to the cen-
ter was counted as one head movement. IJs in tap water
Table 1
Origin and source of the North West European Heterorhabditis megidis
isolates used
Isolate Origin Source
EU17 Tallinn, Estonia C.T GriYn and M.J. Downes, NUI, 
Maynooth, Ireland
EU80 Tsitre, Estonia C.T. GriYn and M.J. Downes, NUI, 
Maynooth, Ireland
UK211 Dorset, England W.M. Hominick, CABI, UK
HSH Kiel, Germany R.U. Ehlers, Kiel University, Germany
HW7 Wageningen, 
The Netherlands




P.R. Westerman, Van Hall Institute, 
The Netherlands
EU85/2 Mordrup, Denmark C.T. GriYn and M.J. Downes, NUI, 
Maynooth, Ireland
HSIE Siedlce, Poland R.U. Ehlers, Kiel University, Germany
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with natural daylight. Room temperature was 20(§1) °C.
IJs were left in situ for 1 h to acclimatize before motility
was recorded. Motility was recorded for 30 randomly cho-
sen IJs for 30 s/IJ.
2.3. Statistics
At each assessment period, data were analyzed using
ANOVA followed by an all pairwise multiple comparison
procedure (Tukey’s or Student–Newman–Keuls (SNK),
P < 0.05). Routine statistical analysis was performed using
Sigma Stat for Windows 1.0 (Jandel ScientiWc, Erkath, Ger-
many). Probit analysis (SPSS for Windows, Release 6.0)
was used to calculate 50% survival time (ST50; time at
which 50% of the IJ survived) and 50% energy depletion
time (ET50; time at which the IJ population had used up
50% of its energy reserves; see Section 3 for more details).
Association between factors was explored using Pearson
product–moment correlation (P < 0.05). Stepwise regres-
sion, used to identify the usefulness of predictors (-to-
remove: 0.15), was performed using Minitab for Windows,
Release 12.1, 1998.
Fig. 1. Survival of eight Heterorhabditis megidis isolates stored in water at
20 °C. Each point represents the mean of three experiments. Error bars
not shown; average SE D 6.6.3. Results
Survival of IJs in water at 20 °C showed a typical sig-
moid curve for all but one isolate (Fig. 1). IJs survived for
up to 14 weeks. For most isolates the proportion alive had
dropped below 80% in week 5, and was below 30% in week
10. EU17 survived at a higher rate than the other isolates:
90 and 70% of IJs of this isolate were alive in weeks 5 and
10, respectively. The 50% survival time (ST50) of the eight
isolates ranged from 5.6 to 12.5 weeks (Table 2). The ST50
of EU17 was signiWcantly higher (P < 0.01) than that of all
other isolates, based on the non-overlap of 95% Wducial
limits.
There were diVerences (F D 3.52, dfD 7, 16, P < 0.013)
among the eight isolates in initial energy reserves measured
as OD in week 0. HF85 had the lowest, and EU17 and
HW79 had the highest OD values (Table 2).
To compensate for size diVerences among isolates, OD/
m2 was used to track changes in the level of reserves
(Fig. 2). There was no diVerence (P < 0.05) among the eight
isolates at week 0, with an average of 0.53–0.54 OD/m2.
From week 1 on, EU17 always had the highest OD/m2,
and it diVered signiWcantly (F D 11.2, dfD 7, 16, P < 0.001)
Fig. 2. Optical density per unit area (OD/m2) of eight Heterorhabditis
megidis isolates stored in water at 20 °C. Each point represents the mean
of three experiments. Error bars not shown; average SE D 0.007.Table 2
Fifty percent survival time (ST50) (with 95% Wducial limits), 50% energy depletion time (ET50) (with 95% Wducial limits), motility (§SE) (head movements/
min.), initial energy reserves (§SE), length (§SE), and area (§SE) of eight Heterorhabditis megidis isolates stored in water at 20 °C
All values are mean of three experiments.
a Measured in week 0.
b Measured in week 3.
c Within columns, the same or no letter indicates no signiWcant diVerences between isolates; ANOVA, Student Newman–Keuls, P > 0.05.
Isolate ST50 (weeks) ET50 (weeks) Motility
a (movements/min) Initial reservesa (OD units £ 103) Lengthb (m) Areaa (£104 m2)
EU17 12.5 (11.0–14.7) 5.6 (4.9–6.3) 13.4 § 1.4 12.6 § 0.2 ac 837 § 6.7 ac 2.33 § 0.06 ac
UK211 8.5 (7.4–9.9) 2.8 (1.1–4.2) 14.1 § 1.6 11.7 § 0.4 ab 836 § 6.8 b 2.21 § 0.04 ab
HSH2 7.0 (6.5–7.7) 2.3 (0.8–3.5) 16.6 § 2.0 11.9 § 0.5 ab 827 § 4.6 bc 2.25 § 0.05 a
HW79 6.1 (5.4–6.9) 2.3 (1.6–2.9) 16.6 § 1.5 12.3 § 0.2 a 827 § 6.4 cd 2.30 § 0.02 a
EU85/2 6.7 (6.1–7.3) 2.1 (0.4–3.5) 18.1 § 1.8 11.4 § 0.1 ab 825 § 3.9 de 2.13 § 0.01 ab
HSIE 7.9 (7.2–8.6) 3.3 (1.8–4.7) 17.0 § 1.5 12.0 § 0.2 ab 812 § 6.4 de 2.23 § 0.03 ab
EU80 7.2 (6.5–8.0) 2.7 (2.0–3.3) 17.3 § 1.6 11.5 § 0.2 ab 806 § 4.5 e 2.16 § 0.01 ab
HF85 5.6 (3.8–10.3) 1.5 (¡1.8–3.0) 18.3 § 2.3 10.8 § 0.0 b 798 § 7.1 e 2.03 § 0.01 b
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time, average OD/m2 tended towards an asymptotic mini-
mum of 0.36 OD U/m2. The reduction in OD/m2 from
the starting value (week 0) to the asymptotic minimum,
averaging 0.18 U/m2, represents available energy reserves.
The time at which the IJ population had used up 50% of its
available energy reserves (ET50) ranged from 1.5 (HF85) to
5.6 (EU17) weeks (Table 2). EU17 had a signiWcantly higher
ET50 than all other isolates based on non-overlap of 95%
Wducial limits.
The frequency distribution of energy reserves in the IJ
population is shown for three isolates, EU17, UK211, and
HF85 at weeks 0, 2, and 5 (Fig. 3). The OD/m2 of individual
IJs ranged from 0.30 to 0.60 OD U/m2. UK211 and HF85
both started out with a normal distribution of OD/m2 in
week 0 (Kolmogorov–Smirnov test), but the distribution
was no longer normal by week 5. At this time, the distribu-
tion of both HF85 and UK211 showed a tail of darker (high
OD values) IJs (positively skewed). The majority of IJs (64%
of UK211 and 90% of HF85) had reached 0.36 OD U/m2
or less, but a small proportion remained quite dark at 0.46–
0.48 OD U/m2. In contrast, only a few IJs of EU17 had
reached 0.36 OD U/m2 by week 5, representing a tail of
more transparent IJs (low OD values) from the majority of
dark nematodes (negatively skewed) (Fig. 3).
Fig. 3. Frequency distribution for optical density per unit area (OD/m2)
of individual IJs of three Heterorhabditis megidis isolates (EU17, UK211,
and HF85) after 0, 2, and 5 weeks storage at 20 °C. n D 118–121 for each
isolate, data for three experiments combined.There was a signiWcant diVerence among isolates in both
area (F D 5.0, df D 7, 16, P < 0.005) and length (F D 13.2,
df D 7, 16, P < 0.001)(Table 2). EU17 was longer than all
other isolates. HF85 was the smallest nematode, diVering
signiWcantly in area and length from EU17, HSH2, and
HW79. The mean area of each of the eight isolates was
greater at week 0 than at week 7 (data not shown). Overall,
using data for all isolates, there was a signiWcant (paired t
test, n D 8, t D 6.13, P < 0.001) decrease in area of 6.5% over
a 7-week storage period.
There was no signiWcant diVerence among the eight iso-
lates in motility, which ranged from an average of 13.4–18.3
head movements/min (Table 2).
The correlation between variables for the eight isolates is
shown in Table 3. There was a strong correlation between
50% survival time (ST50) and 50% energy depletion time
(ET50) (r D 0.97; P < 0.001); isolates that used up their
reserves faster did not survive as long as those that utilized
them at a slower rate. Stepwise regression analysis was per-
formed to assess which factors had the largest inXuence on
survival (Table 4). ET50 explained 93.8% of the variation in
ST50. All factors together (ET50, motility, total energy
reserves, length, and area) explained 99.7% of ST50.
SigniWcant (P < 0.05) negative correlation was found
between motility and both ST50 (r D¡0.85) and ET50
(r D¡0.78). Initial energy reserves were signiWcantly corre-
lated with ET50 (r D 0.75). Neither area nor length was sig-
niWcantly correlated with either ST50 or ET50.
Stepwise regression analysis was again performed to
assess which factors had the largest inXuence on depletion
of energy reserves; ST50 was excluded from this analysis.
Motility explained 60.1% of the variation in ET50, while ini-
tial energy reserves, area, and length added an additional
18% to the explanation (Table 4).
4. Discussion
Strong correlation (r D 0.96) was found between 50%
energy depletion time and 50% survival time in H. megidis.
By the time they die, IJs have become transparent, indicat-
ing loss of virtually all their lipid reserves. In week 5, by
which time IJs were dying, some individuals were recorded
with OD/m2 levels of 0.30–0.32 OD/m2. This corresponds
to 1 on an 8-point neutral lipid index (Fitters et al., 1997),
the value that is assigned to nematodes whose lipids are
depleted (Patel et al., 1997). The presence of these lipid-
depleted individuals is further evidence that IJs stored in
tap water die of starvation. Varying storage condition
(rather than isolate) to cause changes in lipid reserves in S.
carpocapsae, Qiu and Bedding (2000) found that where
reserves were depleted faster, these IJs also died sooner. For
H. megidis, energy depletion rate explained 94% of the vari-
ation in 50% survival time and by including the other fac-
tors (activity, initial reserves, and size) we could account for
99.7% of the variation in survival time.
Isolates from diVerent geographical locations died at
diVerent rates. The Estonian isolate, EU17 stands out in
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rate than all other isolates. This exceptional position of
EU17 was not maintained in another study (Fitters and
GriYn, 2004), which included three of the eight isolates
used here. In that study, EU17 did not diVer from UK211
in these parameters though both of these isolates main-
tained their superiority over HF85. Simple batch variation
is unlikely to be the cause of the diVerence in EU17, as both
studies employed three separate culture batches of each iso-
late. Fitters and GriYn’s research was conducted 2 years
later than the present; continuous laboratory sub-culturing
may have genetically altered the population (Stuart and
Gaugler, 1996; Wang and Grewal, 2002).
UK211 and HF85 have both been commercialized in
Europe and are amongst the most intensively studied strains
of H. megidis. The diVerences between UK211 and HF85 in
survival, lipid utilization, and size are stable: UK211 is con-
sistently larger, survives longer, and uses its reserves more
slowly than HF85 (present study; Fitters and GriYn, 2004;
Fitters et al., 1997; GriYn et al., 1994; Hass et al., 2001),
despite the fact that both of these isolates had been in cul-
ture for at least a decade by the time of these experiments.
There was a signiWcant positive association between ini-
tial level of reserves and the rate at which they were
depleted. This suggests that isolates with higher initial levels
of reserves will survive longer, but interpretation is compli-
cated by the high degree of intercorrelation among vari-
ables (Table 3). Initial reserves and area are highly
correlated (r2 D 0.99). The positive association between
ET50 and length was almost signiWcant (P D 0.06), and such
an association would be expected, as the respiration rate of
most animals, including nematodes, decreases with increas-
ing body size (Atkinson, 1980). In line with this expectation,
species of Steinernema with larger IJs [S. feltiae (Filipjev)
and S. glaseri (Steiner)] persisted longer in storage than S.
carpocapsae and S. riobrave Cabanillas, Poinar and Raul-
ston, which have smaller IJs (Patel et al., 1997).DiVerences in motility were important in accounting for
diVerences among isolates in the rate of depletion of energy
reserves; head waves/minute accounted for 60% of the vari-
ation in ET50. Estimates vary for the contribution of loco-
motory activity to nematodes’ energy budget relative to
that of basal metabolism (see Atkinson, 1980; Wright,
1998). Experiments where IJs of plant and animal parasites
were subjected to prolonged activation or inactivation indi-
cate that for some species, locomotory activity may make a
signiWcant contribution to lipid depletion (Wright et al.,
1989), especially where activity is intense (Croll, 1972). That
locomotory activity contributed measurably to the deple-
tion of reserves of H. megidis, is supported by the Wnding
that there was a steep drop in reserves during the Wrst week
of storage (Fig. 2), and this corresponds to the period when
IJs are highly active (Fitters and GriYn, 2004). With longer
storage, reserves were depleted more slowly (Fig. 2), and an
increasing proportion of IJs is inactive unless stimulated
(Fitters and GriYn, 2004). However, as well as declining
motility, age-related changes in metabolism (Croll and
Mathews, 1973; Houthoofd et al., 2002) could also have
contributed to the decline in rate of utilization of reserves
by the IJs.
The variables used in this experiment explained only
88.5% of the variation in ET50 for H. megidis. Other factors,
which may have contributed but were not measured in
these experiments, include variation in basal metabolic rate,
the rate at which motility changes over time, or composi-
tion of reserves. First, basal metabolism is expected to con-
tribute more than locomotory activity to respiration rate
and depletion of reserves in absolute terms (Wright et al.,
1999). The success of motility in explaining intraspeciWc
variation in reserve depletion may indicate either that it
makes a substantial contribution to their utilization (as
discussed above), or that more active nematodes also tend
to have higher basal metabolic rates. Assuming that loco-
motory activity does contribute to depletion of reserves,Table 3
Correlation coeYcients (r) among variables: 50% survival time (ST50); 50% energy depletion time (ET50); motility (head movements/minute), total energy
reserves (OD at week 0), length, and area of eight Heterorhabditis megidis isolates stored in water at 20 °C
P values are given in parenthesis. SigniWcant correlations are in bold.
Variable ST50 ET50 Motility Initial reserves Length
Correlation coeYcient r (P)
ET50 0.97 (0.001)
Motility ¡0.85 (0.01) ¡0.78 (0.02)
Total reserves 0.65 (0.80) 0.75 (0.03) ¡0.68 (0.07)
Length 0.59 (0.13) 0.51 (0.20) ¡0.77 (0.03) 0.69 (0.06)
Area 0.61 (0.11) 0.69 (0.06) ¡0.70 (0.05) 0.99 (0.001) 0.74 (0.04)Table 4
Stepwise regression (r2 values) for the prediction of 50% survival time (ST50) and 50% energy depletion time (ET50)
Variables were added progressively to the regression until no further improvement was reached, with D 0.15.
ET50 Motility (movements/min) Initial reserves (OD week 0) Length Area
r2 for predictor
ST50 (P D 0.01) 93.8 96.4 98.7 99.5 99.7
ET50 (P D 0.03) — 60.1 69.5 87.6 88.5
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activity may also contribute to diVerences in the 50%
energy depletion time. Activity was measured only once, in
freshly harvested IJs. This is when H. megidis IJs are at
their most active (Dempsey and GriYn, 2002; Fitters and
GriYn, 2004), and hence is the time when motility is
expected to contribute most to the depletion of energy
reserves. Activity of H. megidis IJs declines during storage
in tap water, and the rate at which it changes diVers among
isolates (Fitters and GriYn, 2004). It should be noted that
while some decline in activity levels of a population may be
due to selective mortailty of more active individuals, this
cannot account for the initial decline in activity of H. mega-
dis over the initial weeks of storage at 20 °C, during which
mortality is negligible (Dempsey and GriYn, 2002; Fitters
and GriYn, 2004). Thirdly, isolates may diVer in the com-
position of their reserves. Selvan et al. (1993a) suggested
that the greater proportion of unsaturated fatty acids in
Heterorhabditis compared to Steinernema spp. was a con-
tributory factor to the poorer survival of Heterorhabditis
spp., though this was not supported by Menti et al. (2003).
DiVerences in the lipid composition of freshly harvested
H. megidis EU17, UK211, and HF85 were not large (Fitters
et al., 1999) and are unlikely to have contributed to the
intraspeciWc diVerences in survival or rate of energy deple-
tion rate seen here. However, the importance of glycogen
and protein as energy sources has not been investigated for
these isolates.
Not all IJs within the population use up their energy
reserves at the same rate. When most IJs of UK211 and
HF85 had reached 0.36 OD U/m2 or lower, some IJs
were still quite dark (0.46–0.48 OD U/m2). Similar results
have been reported for plant parasites (Storey, 1984; Van
Gundy et al., 1967) and for Steinernema spp. (Patel et al.,
1997). Variation in rates of lipid depletion within the pop-
ulation may be a general feature of IJs of nematode para-
sites. For EPN, this may be a population survival strategy
of closely related propagules as suggested by Patel et al.
(1997). If, instead, it reXects genetic diversity within iso-
lates for energy conservation strategies, then the rare IJs
that remain dark in storage may be a useful resource for
strain improvement.
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